Background: We investigated whether cardiometabolic risk factors measured in serum (total cholesterol [TC], high-density lipoprotein [HDL], triglyceride, leptin, insulin, glucose and insulin resistance) are associated with the retinal microvasculature, a marker of cardiovascular aging, in healthy children and adolescents. Moreover, we tested whether these associations are due to direct biological effects or more indirectly due to adiposity-related side effects. Methods: We recruited 168 healthy Flemish children (7-16 years old, 54.8% boys). Blood samples and retinal photographs were taken during clinical examinations. Arteriolar and venular vessel calibers were calculated using a semiautomated computer program. Multivariable regression models were used and adjusted for age, sex, mean arterial pressure (MAP) and alternate retinal caliber. In a second step, we adjusted for body mass index z-score (zBMI). Results: Only continuous serum leptin was associated with retinal parameters, i.e. wider arterioles; however, this
Introduction
Large population-based studies have shown that increased levels of triglyceride, fasting glucose and low levels of high-density lipoprotein (HDL) increase the risk of cardiovascular events [1] [2] [3] . The presence of these cardiovascular risk factors in childhood may increase the probability of acquiring cardiovascular disease in adulthood [4] . Therefore, further mechanistic insights into the role of these risk factors in childhood populations are necessary. For instance, it is interesting to know whether glucoseand lipid-associated biological factors already influence the microvasculature during childhood. In addition, the question remains whether these effects are due to direct biological effects or more indirectly due to adiposityrelated side effects as adiposity is a known cardiovascular risk factor causing dyslipidemia, insulin resistance and inflammatory reactions [5] [6] [7] .
Although the microvasculature makes up the bulk of the circulatory system, the determinants in childhood are not well studied. Retinal photographs, which allow a non-invasive investigation of the retinal microvasculature, could be used as a preliminary marker for cardiovascular risk in later life, even before clinical manifestations occur [8] . After all, deviations in the retinal microvasculature (smaller arterioles and wider venules) have been linked to hypertension, myocardial infarction and stroke [9] . Studies in children and adults have also shown that an unfavorable body composition (high body mass index [BMI] and body fat%) can induce alterations in the retinal microvasculature [10] . Given the link with overweight and obesity, it is not surprising that dyslipidemia and inflammatory markers are also linked to retinal microvasculature. Triglyceride, HDL, low-density lipoprotein (LDL), glucose, leukocytes, C-reactive protein and interleukin-6 have all been associated with changes in the retinal microvasculature in adult populations [11] [12] [13] [14] [15] [16] [17] [18] . Compared to adults, studies in children are unfortunately limited and results are not consistent. To the best of our knowledge, only three studies have been conducted in childhood populations. Siegrist et al. [19] demonstrated a positive cross-sectional association between insulin and wider arterioles and venules in 10-11-year-old children, while this is not supported by Gishti et al. [20] in a 6-year-old child population. Also cross-sectional associations with dyslipidemia data are conflicting among studies [20, 21] .
The majority of studies estimating the association between metabolic risk factors and the retinal microvasculature have been done in elderly populations. The lack of such studies in children and adolescents is unfortunate, as the adverse effects of overweight during childhood can play a role in the development of cardiovascular diseases in later life. Besides, this study will add to the limited available data by also including adolescents, as previous studies only included children below the age of 12 years. The aim of this current study was to investigate whether cardiometabolic risk factors (total cholesterol [TC], HDL, triglyceride, leptin, insulin, glucose and insulin resistance) are associated with the retinal microvasculature in a population sample of children and adolescents. Moreover, we tested whether this association is independent of BMI, as overweight has been linked with hyperinsulinemia, hyperleptinemia and changes in lipid concentrations. Apart from mechanistic insights, current analyses might shed light on the usefulness of integrating retinal microvasculature in population-based health screening during childhood and on the vascular impact of routine serum measurements.
Materials and methods

Study population
The participants of this study were Belgian children and adolescents (aged 7-16 years) from the municipality of Aalter. These children participated in a longitudinal study, of which the baseline survey was part of the Identification and prevention of Dietary-and lifestyleinduced health EFfects In Children and infantS (IDEFICS study) [22] . For the current paper, we used cross-sectional data of the last followup survey in 2015. Of the 242 participants, we excluded children without blood samples (n = 51) and retinal photographs (n = 23), resulting in 168 individuals for the analyses. Among them, two children were of African origin, one of unknown origin and the remaining were Caucasian. No hormonal disorders were reported by the parents. There were no significant differences in anthropometric and retinal vessel caliber data between children with and without blood samples. The study was conducted according to the guidelines laid down in the Declaration of Helsinki and the project protocol was approved by the Ethics Committee of the Ghent University Hospital. A written informed consent was obtained from the parents with a verbal assent from the children. In addition, children older than 12 years also signed a written informed consent. During an individual appointment at the local sports park, venous blood sampling, retinal photographs, anthropometric measures and blood pressure measures were conducted.
Metabolic risk markers
Fasting blood was obtained from children via venipuncture. Blood samples were stored at room temperature for 30 min to allow clotting and centrifuged at 2500× g for 10 min before storage of the extracted serum at −80 °C until further analyses. Serum TC, HDL and triglyceride were measured using the Roche Cobas c701 enzymatic colorimetric test (Roche Diagnostics International Ltd., Rotkreuz, Switzerland). Leptin concentrations were measured using a Millipore radioimmunoassay (Merck Millipore, Darmstadt, Germany) [interassay coefficient of variation (CV) for low and high leptin controls was 3.0% and 6.2%, respectively, and intra-assay CV was 3.4% and 8.3%, respectively]. Serum insulin concentrations were measured with the Cobas analyzer using the Roche Elecsys electrochemiluminescence immunoassay (ECLIA) kit (Roche Diagnostics International Ltd., Rotkreuz, Switzerland) (inter-assay CV was 2.2% and intra-assay CV was 1.1%) and glucose concentrations were measured using the Roche Cobas c701 hexokinase method (Roche Diagnostics International Ltd., Rotkreuz, Switzerland). The homeostasis model assessment estimating insulin resistance (HOMA-IR) was calculated using the following formula: fasting glucose (mmol/L) multiplied by fasting insulin (mU/L) divided by 22.5 [23] . Age-and sex-specific z-scores were computed by subtracting its sub-group mean from the raw score and dividing by the standard deviation (SD) for TC (zTC), HDL (zHDL), triglyceride (zTriglyceride), leptin (zLeptin), insulin (zInsulin), glucose (zGlucose) and HOMA-IR (zHOMA-IR).
Retinal microvasculature
Retinal photographs (Canon 45° 6.3-MP digital nonmydriatic retinal camera, Canon Inc., Tokyo, Japan) were taken of both eyes. A scaling factor was calculated based on the distance between the center of the disc and the center of the macula in a random sample of 40 photographs, to adjust for magnification differences, which could be introduced by camera optics, the patient's position or scanner resolution. The grid produced by the scaling factor was used in the retinal vessel measurement system IVAN (University of Wisconsin, Madison, WI, USA) to measure retinal vessel caliber in an area of 0.5-1 disc diameter from the optic disc margin using the formulas developed by Hubbard et al. [24] and later modified by Knudtson et al. [25] The retinal vessel diameters were summarized in three parameters, namely the central retinal arteriolar equivalent (CRAE), the central retinal venular equivalent (CRVE) and the ratio between the CRAE and CRVE, i.e. the arteriolar to venular ratio (AVR). In general, smaller CRAE and larger CRVE were seen as unfavorable [16] . Both retinal photographs, if present (n = 149), were used to calculate the retinal indicators. In case only one photograph was available (n = 19), this photograph was used to calculate the aforementioned microvascular parameters.
Body mass index
Children's height (m) and weight (kg) were measured to calculate BMI, by dividing weight by height squared (kg/m 2 ). The Flemish growth reference data of 2004 were used to compute the SD score of BMI (zBMI), to adjust for age and sex [26] .
Blood pressure
Systolic blood pressure (SBP) and diastolic blood pressure (DBP) were measured using an automated device (Welch Allyn, USA) to adjust for temporal changes in blood pressure which may affect the retinal microvasculature. Blood pressure was initially measured twice, with a 5-min resting period beforehand and a 2-min resting period in between. A third measurement was carried out, if the first two differed more than 5%. The mean arterial pressure (MAP) defined as the average pressure throughout the cardiac cycle was calculated using the following formula: 1/3(SBP) + 2/3(DBP).
Pubertal status
The pubertal status of children was obtained using the Tanner stage via questionnaires filled in by the children. The original five Tanner stage categories were recoded as prepubertal (no signs of puberty, category 1), peripubertal (signs of puberty, categories 2 and 3) and pubertal (categories 4 and 5).
Physical activity and diet
Children's physical activity was obtained using the sum of hours spent in a sports club and playing outside, as reported by the parents. Dietary habits were retrieved using parental food frequency questionnaires. With this, the sugar and fat propensity ratios were calculated using the formulas proposed by Lanfer et al. [27] .
Statistical analysis
Data analyses were performed using statistical software package SAS version 9.4 (SAS Institute Inc, Cary, NC, USA). Earlier, leptin was converted to the natural logarithm in the analysis due to a non-normal distribution. Independent t-tests and Mann-Whitney U tests were used to estimate sex and weight differences (normal weight vs. overweight) in metabolic risk factors and retinal vessel caliber. Spearman correlation coefficients were calculated between the cardiometabolic risk factor z-scores, zBMI and MAP with retinal vessel calibers. The first linear regression models estimated the association between metabolic risk factor z-scores as a predictor and the retinal vessel caliber parameters (CRAE, CRVE, AVR) as an outcome. In the second linear regression models, we used categorized predictors by comparing children with high cardiometabolic risk factors (>90th percentile for all variables, except HDL <10th percentile) to children with normal values. In both models, we controlled for age, sex, MAP and alternate retinal parameter in a first step and additionally for zBMI in a second step. The regression models with leptin as a predictor were additionally adjusted for pubertal stage. Assumptions of linear regression analysis were met for all models and two-sided p < 0.05 was considered significant.
Results
Study population
The characteristics of the study population are described in Table 1 . The TC, leptin and insulin concentrations and the HOMA-IR score were significantly higher in girls compared to boys (p-values between <0.0001 and 0.04), but the other Children with serum leptin concentrations (n = 161).
metabolic risk factors did not differ significantly. The CRAE was significantly higher in girls (p = 0.01), but the other retinal indicators were not. The percentage of overweight children in the study population was 3.6%. We noticed that these children had significantly lower HDL, higher leptin concentrations and wider CRVE compared to normal weight children (p < 0.0001, p < 0.0001 and p < 0.01, respectively). MAP was negatively correlated with the arteriolar diameter (r = −0.21; p < 0.01) and AVR (r = −0.22; p < 0.01) and a borderline significant positive correlation was seen between zBMI and venular diameter (r = 0.12; p = 0.08). No significant correlations were found between the metabolic risk factors and the retinal microvasculature. Table 2 shows the associations between metabolic risk factors and retinal vessel calibers. A positive significant relation was identified between zLeptin and CRAE (standardized coefficient β = 0.14). However, this association did not remain significant after additional adjustment for zBMI. No associations were found between the other metabolic risk factors and the retinal microvasculature.
Continuous metabolic risk factors and retinal vessel caliber
Categorical metabolic risk factors and retinal vessel caliber
The comparison between children with unfavorable cardiometabolic risk factors (>90th percentile for zTC, zTriglyceride, zLeptin, zInsulin, zGlucose and zHOMA-IR and <10th percentile for zHDL) and normal values on retinal vessel caliber is shown in Table 3 . Compared to those with lower concentrations of zLeptin, children with high zLeptin concentrations had a higher CRAE (β = 0.14), even after additional adjustment for zBMI (β = 0.14). Similar positive associations were seen for zInsulin (β = 0.16) and zHOMA-IR (β = 0.14), even after adjustment for zBMI (β = 0.15 and β = 0.13, respectively). No significant associations were seen for the CRVE and AVR.
Physical activity and diet
The associations between cardiometabolic risk factors and the retinal vessel caliber, while additionally adjusting for physical activity and diet (fat and sugar propensity ratios), are depicted in the Supplemental Material. Overall similar significant relations were found for insulin CRAE, central retinal arteriolar equivalent; CRVE, central retinal venular equivalent; AVR, arteriolar to venular ratio; CI, confidence interval; B, unstandardized coefficient; BMI, body mass index; zTC, age-and sex-adjusted z-score of total cholesterol; zHDL, age-and sex-adjusted z-score of high-density lipoprotein; zTriglyceride, age-and sex-adjusted z-score of triglyceride; zLeptin, age-and sex-adjusted z-score of leptin; zGlucose, age-and sex-adjusted z-score of glucose; zInsulin, age-and sex-adjusted z-score of insulin; zHOMA-IR, age-and sexadjusted z-score of insulin resistance score. and HOMA-IR and wider arterioles. However, associations between leptin and CRAE disappeared.
Discussion
In a healthy group of Flemish children, we noticed that hormones (leptin and insulin) were predictors of the retinal microvasculature, while lipids and glucose were not. Leptin, insulin and HOMA-IR were significantly positively associated with the arteriolar caliber, even after adjusting for zBMI and especially after categorization. No associations were found with the venular caliber or the AVR.
Hormones
The hormones insulin and leptin were both positively associated with the CRAE in our study, even after adjusting for zBMI. Insulin has not often been linked with the retinal microvasculature before, but a cross-sectional study in 10-11-year-old German children showed similar results after adjustment for BMI [19] . In contrast to our healthy population with mainly low-BMI children, a quarter of the German CRAE, central retinal arteriolar equivalent; CRVE, central retinal venular equivalent; AVR, arteriolar to venular ratio; CI, confidence interval; B, unstandardized coefficient; BMI, body mass index; zTC, age-and sex-adjusted z-score of total cholesterol; zHDL, age-and sex-adjusted z-score of high-density lipoprotein; zTriglyceride, age-and sex-adjusted z-score of triglyceride; zLeptin, age-and sex-adjusted z-score of leptin; zGlucose, age-and sex-adjusted z-score of glucose; zInsulin, age-and sex-adjusted z-score of insulin; zHOMA-IR, age-and sexadjusted z-score of insulin resistance score; Ref, reference category. Linear regression models additionally adjusted for BMI of the participant. study population was overweight. A Dutch cross-sectional study did not find a relation between insulin and retinal microvasculature [20] . Based on fasting insulin and glucose, we calculated the HOMA-IR score indicating insulin resistance [23] , which yielded comparable results as insulin. A higher HOMA-IR score was associated with larger arteriolar calibers in this healthy group of children. However, in obese children, HOMA-IR was negatively associated with arteriolar calibers [28] . Studies in adults have mainly focused on the relation between the retinal microvasculature and the risk of diabetes, instead of serum insulin and HOMA-IR score. Overall, results are, however, not conclusive. A recent metaanalysis showed that only higher venular caliber results in an increased diabetes risk independent of BMI, not the arteriolar caliber [29] . Interestingly, we also demonstrated that leptin was positively associated with the arteriolar caliber. This is in contrast to a German study, in which leptin was associated with wider venules and smaller AVR; however, these findings did not remain significant after adjustment for BMI [19] . To the best of our knowledge, no other studies have been published in this regard.
Lipids
In our study, we did not find associations between lipids (TC, HDL and triglyceride) and the retinal microvasculature. This was similar to a Dutch study in 5-8 year olds [20] . However, higher triglyceride was associated with a higher CRVE in 10-13-year-old German children [21] , but this association disappeared after additional adjustment for BMI and blood pressure. Also, studies in adult populations found that higher triglyceride and LDL and low HDL were related to a higher CRVE [12, [14] [15] [16] . However, whether or not this is independent of BMI is unclear, as these studies did not include BMI in their models.
Pathophysiological mechanisms of insulin and leptin
Insulin and leptin are key hormones with welldocumented functions in the regulation of glucose metabolism and energy balance, respectively [30, 31] . In addition, they also appear to have vascular actions. After binding to the insulin receptor on endothelial cells, insulin can cause vasoconstriction via the mitogen-activated protein kinase branch (MAPK) or vasodilation via the phosphatidylinositol 3-kinase branch (PI3K), while secreting endothelin-1 (ET-1) or nitric oxide (NO), respectively [32] . A shift in balance between the vasoconstrictor and vasodilation actions of insulin could be an important factor in the retinal vascular pathophysiology. The vascular actions of leptin already start during fetal development, as leptin stimulates proliferation in cardiac muscle [33] . In the microcirculation, vascular actions of leptin appear to occur through NO release via the PI3K pathway [34] . Additionally, Vecchione et al. [35] found that insulin and leptin can interact to enhance NO production, which could possibly be an explanation for the association of insulin and leptin with wider arteriolar caliber. Further studies are needed to fully explore the potential vascular effects of insulin and leptin on the microvasculature.
In our previous study and in agreement with other studies [10, 19, 36] , we have demonstrated that the effect of BMI and body fat% on the retinal microvasculature is often seen on the venular caliber, while the hormones insulin and leptin seem to affect only the arteriolar caliber in the current study. A possible explanation for this difference could be histologically based as arterioles have more smooth muscle compared to venules and can thus have a more prominent response to NO relaxation. In addition, venules appear to be more influenced by inflammatory markers compared to arterioles [13, [16] [17] [18] , which might explain the venular associations with adiposity.
Clinical implications
Overall, the retinal microvasculature is thought to be a good surrogate for the systemic microvasculature as developmental and anatomical similarities are seen between the microvasculature of the retina, heart and brain [8] . Changes in the retinal microvasculature (wider venules and smaller arterioles) have been linked with the occurrence of stroke, hypertension and myocardial infarcts [9] . This shows the possibilities of using the retinal microvasculature as a population-based screening tool for cardioand cerebrovascular diseases during childhood. Whether or not cardiometabolic risk factors in relation to the retinal microvasculature could become an important asset in this screening remains to be seen, as in this study effect sizes were rather weak (β ranging between 0.13 and 0.16).
Strengths and weaknesses
To the best of our knowledge, this is one of the first studies investigating the effect of several cardiometabolic risk factors during childhood on the retinal microvasculature. To optimize the results of the retinal vessel calibers, we calculated a scaling factor to adjust for magnification differences, which could be introduced by camera optics, scanner resolution or the position of the child.
Still, some limitations need to be discussed. Firstly, this study only describes the relation between cardiometabolic risk factors and retinal microvasculature in a cross-sectional design, limiting us in detecting any causal relationship. Secondly, there might be some selection bias as this is a relatively healthy population with mainly low-BMI children and no extreme serum levels. Thirdly, vasomotion of the vessels might have caused random misclassification. In sensitivity analyses, we therefore only included children with two retinal photographs and noticed that the aforementioned results for insulin became borderline significant and those for HOMA-IR disappeared. Only the relations between high leptin and wider arterioles remained significant (p = 0.03), also after adjustment for zBMI (p = 0.02). Fourthly, as information on birth weight and prematurity was not present for all children, it was not included as a confounder. However, analysis on a subset of children (n = 147) showed that overall similar significant associations were found for insulin and HOMA-IR and wider arterioles when adjusting for birth weight and prematurity, but associations between leptin and CRAE disappeared. Finally, we corrected for certain possible confounders, but some confounding might still be left.
Conclusions
In our healthy population of school-aged children and adolescents, hormones insulin and leptin and the HOMA-IR score (representing insulin resistance) positively affected the arteriolar caliber, however, only in children with high cardiometabolic risk factors (>90th percentile), while lipids did not. Associations remained even after additional adjustment for zBMI. These results might further enlighten the role of hormones on the microvasculature, independent of body weight and perhaps by direct vasodilatory action of these hormones in healthy children. Despite the observed health-beneficial relationship, we stress the importance of longitudinal studies which should focus on the effects of hormones and lipids on the microvasculature over time in healthy and overweight/ obese childhood populations, as the presence of cardiovascular risk factors during childhood might progress into cardiovascular diseases during adulthood.
